I. INTRODUCTION
Functional thin film preparation for the manufacturing of solar cells and large diameter display panels by plasma enhanced chemical vapor deposition (PECVD) 1, 2 and physical sputtering 3, 4 as well as the microfabrication of large scale integrated circuits by dry etching 5, 6 have been widely performed based on a variety of low gas pressure plasma sources such as capacitively coupled plasmas (CCP), [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] inductively coupled plasmas, [20] [21] [22] and microwave plasmas. [23] [24] [25] Among these source concepts, CCPs are particularly useful due to its simple experimental setup and the opportunity to process large-diameter substrates. However, CCPs suffer from low plasma densities compared to other plasma sources. This limits the system through-put. Some solutions have been proposed as follows: (1) Very high frequencies (VHF) are used to increase the plasma density at a given input power, since the plasma density typically scales with the square of the driving frequency. 7, [26] [27] [28] (2) Electrodes made of materials with high-secondary electron emission coefficients 12, [29] [30] [31] [32] are used, because the secondary electrons participate in ionization and, thus, enhance the plasma density. 33, 34 ( 3) The processing gas mixture is optimized to maximize the ionization probability. 35 However, VHF operation typically results in the presence of lateral non-uniformities of various plasma parameters such as the ion flux due to electromagnetic standing wave effects. 28 Despite many numerical 7, 9, 10, 15, 19 and experimental 15, 18, 26, 36 investigations, this is still a strong limitation of process control in high-density large area CCPs despite some existing techniques to prevent lateral nonuniformities due to the Standing Wave Effect such as dielectric lenses. 37 The plasma density, n e , can be determined from a power balance in the frame of a global model 7 P abs ¼ en e u B A e e þ e i þ e c ð Þ ; n e ¼ P abs eu B A e e þ e i þ e c ð Þ :
Here, P abs , e, u B , and A are the total absorbed power, the electronic charge, the Bohm velocity, and the surface area, respectively. e e and e i are the average energy lost per electron and ion lost to the electrodes, and e c is the collisional energy loss per electron-ion pair created. e e will be negligible, if only thermal electrons are lost to the boundary surfaces. 38 Typically, the electron temperature decreases as a function of pressure. 7 Then, e c increases, while e i usually decreases as a function of pressure, since the sheaths get more collisional. The latter effect typically dominates resulting in an increase of the plasma density as a function of pressure for a fixed absorbed power. However, even for a relatively high neutral gas pressure of about 50 Pa, typically used in rf PECVD for the functional thin film preparation, the plasma density is less than 10 11 cm À3 at typical driving frequencies around 13.56 MHz.
In order to enhance the plasma density and improve its lateral uniformity at the conventional frequency of 13.56 MHz, the use of structured electrodes has been proposed based on different trench shapes. 12, 17, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] A grooved target has been used in dc magnetrons to realize high discharge currents at very low pressures of a) Email: ohtsuy@cc.saga-u.ac.jp 1070-664X/2016/23(3)/033510/7/$30.00
V C 2016 AIP Publishing LLC 23, 033510-1 0.07 Pa, which cannot be achieved with the conventional planar target for physical sputtering processing. 39 For the operation at reduced gas pressures, hollow cathodes with large linear magnets-in-motion 40, 51 have been developed to produce high-density rf plasmas and were found to be suitable for scale-up. In particle-in-cell simulations, hollow cathode discharges were investigated in the presence of magnetic fields to study cross-field diffusion in low-pressure magnetized plasmas both in the presence and absence of axial conducting walls. 45 Multi-hole cathodes were also investigated experimentally. 49, 50 The effect of various structured electrodes, such as rectangular, rounded, and triangular trenches, on the electron heating dynamics and lateral ion density profiles in rf CCPs was studied experimentally and numerically. 17 Measurements of the sheath electric field above a grooved electrode 46 and studies of the sheath structure around a rf excited stepped electrode 47 were performed in the parallel plate discharge by a novel spectroscopic technique. The presence of a hollow counter electrode was found to lead to a maximum deposition rate of 6 nm/s in the frame of the chemical vapor deposition of microcrystalline silicon films. 41 The effect of a showerhead hole structure on the deposition of hydrogenated microcrystalline silicon thin films was investigated. 48 Such structured electrodes can overcome the problem of low and non-uniform plasma densities in low frequency CCPs and might provide the basis to realize advanced plasma applications at low frequencies around 13.56 MHz to avoid parasitic electromagnetic effects at higher driving frequencies. Grooved electrodes have also been found to have an active influence on the collection of dust particles as well as their trapping behavior and movement in such plasmas. 52 In our previous works, 32, [42] [43] [44] ring-shaped hollow electrodes with various trench shapes were developed to produce a high-density capacitive plasma and densities of 10 11 cm
À3
were realized in argon gas. The results have revealed that the trench width must be approximately equal to the sum of the electron-neutral mean free path and twice the sheath thickness of the powered electrode in order to realize the desired effect of the trench on the plasma density. 43 This criterion is conceptually similar to those for the classical hollow cathode effect (HCE) based on similarity parameters. In previous works, however, the influence of the trench depth on plasma parameters was not understood. The goal of our study is to prove the principle for a distinct set of conditions using various trench depths.
In this paper, spatially resolved plasma parameters in a rf plasma with a grooved electrode (ring-shaped trench) are measured, and the influence of the trench depth on the electron density and temperature is investigated by Langmuir probe measurements. The plasma density profiles of the ringshaped hollow cathode RF plasma with a narrow hollow trench of 2 mm in width are presented and are described theoretically by a diffusion model. In Section II, the experimental procedure is explained in detail. In Section III, results and discussions of spatial structures of plasma parameters for various trench depths are provided based on this model. In Section IV, the results obtained in this paper are summarized.
II. EXPERIMENTAL PROCEDURE
A cylindrical vacuum chamber made of aluminum with an inner diameter of 165 mm and a length of 200 mm is used as shown in Figure 1 (a). The aluminum grooved electrode of 100 mm diameter and 20 mm thickness with the ring-shaped groove of 73.0 mm inner diameter and 77.0 mm outer diameter is mounted at the center axis of the chamber as shown in Figure 1(b) . The trench width, W, is fixed at 2 mm and is chosen based on previous work performed in Ar gas at a pressure of around 50 Pa, where this trench width was demonstrated to result into an optimum plasma density at this pressure. 41 The trench depth, D, is varied from 5 to 15 mm. The grooved electrode is covered by a grounded enclosure through an insulated plate in order to avoid an additional discharge between the grooved electrode and the grounded electrode. The chamber is evacuated to realize gas pressures of less than 10 À4 Pa by a combination of a turbo molecular and an oil rotary pump. Ar gas is introduced to the chamber at 53.2 Pa. A rf (13.56 MHz) power of 20 W is applied to the grooved electrode via a blocking capacitor and a matching network, while the vacuum chamber wall acts as the grounded electrode.
Under these conditions, we measure a voltage drop across the plasma with a peak-to-peak value of 228-244 V and DC self bias of À96 to À104 V. Figure 2 shows a typical image of the plasma emissions in this rf narrow hollow cathode discharge. A strong ring-shaped emission is observed in the hollow groove. This observation indicates that a highdensity discharge is generated in the hollow groove. The electron temperature and density as well as the plasma potential are obtained radially resolved from measurements of the current-voltage characteristics of a tiny cylindrical tungsten probe according to Langmuir probe theory 7, 52, 53 at various trench depths. The probe system is compensated with an L-C parallel circuit 12, 26, [30] [31] [32] [33] [42] [43] [44] (choke) in order to avoid any parasitic effects of rf plasma potential oscillations on the probe current-voltage characteristics. At the gas pressure of 53.2 Pa, the electron-neutral mean free path is smaller than the dimensions of the probe and the electron saturation current detected by the probe must be revised. Zakharova et al. 54 have reported the theory for the correction of the electron saturation current. The corrected electron saturation current I esc is expressed by
where I esm is the measured electron saturation current, and r p , L, and k e denote radius, length of the probe, and the electron-neutral mean free path, respectively. Here, the probe size, r p and L are 0.1 mm and 2 mm, respectively. It is estimated that the compensation coefficient I esc /I esm is approximately 1.24 at Ar gas pressure of 53.2 Pa. Figure 3 shows typical probe current-voltage characteristics measured at different radial positions of r ¼ 0 and 37.5 mm corresponding to the center and the trench of the grooved electrode, respectively, for D ¼ 10 mm and an axial height above the electrode of z ¼ 3 mm. It is found that the current for r ¼ 37.5 mm is higher than that for r ¼ 0 mm. The following results are obtained from measured probe current-voltage characteristics detected at various axial and radial positions at trench depths, D, of 5, 8, 10, 12, and 15 mm.
III. RESULTS AND DISCUSSION
A. Spatial structures of electron temperature and plasma density RF plasmas are produced at various trench depths D ¼ 5, 8, 10, 12, and 15 mm at Ar gas pressure of 53.2 Pa and a power of 20 W. It is important to investigate the spatial distributions of plasma parameters for the functional thin film preparation by plasma enhanced chemical vapor deposition because the process uniformity is strongly affected by lateral plasma density profiles. Figures 4(a) and 4(b) show radial profiles of the electron temperature, T e , and the electron density, n e , at various axial distances z from the cathode of 3, 5, 7, 9, and 12 mm for the trench depth of D ¼ 5 mm, respectively. The vertical lines denote the position of the narrow trench.
The radial distributions of the electron temperature are found to be almost uniform at all distances from the cathode for various trench depths. At z ¼ 3 mm, i.e., near the cathode, the electron temperature is maximum compared to other axial positions of z ¼ 5, 7, 9, and 12 mm. The radially averaged electron temperature at z ¼ 3 mm is approximately 3.0 eV. The electron temperature decreases from 3.0 eV to 2.1 eV as a function of the axial distance from 3 mm to 9 mm and then saturates. This result indicates that high-energy electrons are generated only near the cathode and are confined to this region.
The radial profile of the electron density shows a peak near the narrow trench in radial direction. The radial density profile is much more homogenous at a greater distance from the electrode. Again, this indicates that the presence of the trench causes a local generation of energetic electrons that locally enhances the ionization and, thus, the plasma density.
B. Theoretical diffusion model and radial profiles of plasma density at various trench depths
The radial profiles of the plasma density are measured at various trench depths D ¼ 5, 8, 10, 12, and 15 mm at various axial positions for a fixed trench width of 2 mm. A diffusion model 17 for the plasma density profiles is applied to the experimental data. The model is based on the assumption that the plasma is produced by a radially homogeneous background ionization due to bulk electrons, which is enhanced locally above the trench due to electron beams generated by enhanced sheath expansion heating in the narrow trench. Those beams are the result of an effective confinement of energetic electrons inside the trench, which are eventually pushed out of the trench by the expansion of the sheath at the bottom of the trench and propagate vertically to the electrode. This is conceptually similar to the classical hollow cathode effect, where the internal plasma column is formed by ionization of the neutral gas by the primary electrons emitted by the cathode, which are accelerated in the cathode sheath and trapped in the discharge volume due to the presence of a hollow cathode. 55, 56 In the diffusion model, the finite width of the trench is disregarded and the locally enhanced ionization source is characterized by a delta function. For simplicity, the decay of the ionization caused by this beam with increasing the axial distance from the electrode as well as a spread of the beam by 57 for the ring-shaped hollow structure is
where S 0 , K, and D a are the ionization rate due to the electron beam above the trench located at radius r t , the diffusion length, and the ambipolar diffusion constant, respectively. I 0 and K 0 denote complex Bessel functions and k ¼ I 0 (r t /K)/K 0 (r t /K). In Eqs. (3) and (4), n p (r) is the measured density profile of a planar cathode under identical conditions. Here, trench position is r t ¼ 37.5 mm. Figure 5 shows radial profiles of the plasma density, n e , for Figure 5 correspond to the results of the diffusion model. 17, 55 At a position of z ¼ 3 mm (close to the electrode), the density profile has a mountain like distribution near the trench. The density profile is much more homogenous at a greater distance from the electrode.
The model is in good agreement with the measured radial density profiles for all the measured trench depths. However, the measured data at r ¼ 5 cm near the RF electrode are lower than the values of the model. The difference might be caused by a wall loss due to the influence of the grounded enclosure for the RF powered electrode located at r ¼ 5.2 cm.
C. Optimal trench depth for high-density plasma and uniformity profile Figure 6 shows the plasma density as a function of the trench depth at (a) r ¼ 0 mm and (b) r ¼ 37.5 mm. We find that the plasma density has a peak at D ¼ 10 mm at all axial positions. The reason can be understood qualitatively based on the power balance (Eq. (1)): starting from a planar electrode (no trench), increasing the trench depth introduces the HCE, i.e., in the a -mode, energetic electrons are generated by the expanding sidewall sheaths. Those electrons propagate horizontally inside the trench and are confined due to the presence of the wall sheaths. When the sheath at the bottom of the trench expands vertically upwards, those electrons are pushed out of the trench into the volume. This was demonstrated by PROES in Ref. 17 . The deeper the trench, the more electrons are confined in the trench. This is a mechanism that causes an increase of n e as a function of the trench depth. In Eq. (1), it leads to a smaller value of e c due to the presence of the energetic electrons and, thus, for a given power to a higher plasma density. Increasing the trench depth also increases the surface area of the side walls of the trench. This increases the particle losses to the walls as a function of the trench depth. This leads to a decrease of the plasma density. Depending on the discharge condition, there is an optimum depth, at which the density is maximum, since it leads to the generation of a high number of energetic electrons inside the trench, while keeping particle losses due to the enhanced trench surface area reasonably small. Thus, there is an optimum trench depth, which is found to be 10 mm under the conditions investigated here.
It is important to discuss the radial profile of the plasma density for thin film preparation. Figure 7 shows the roughness of the plasma density as a function of axial position. The roughness R of the plasma density profile is defined as where n emax and n emin are the maximum and minimum plasma density in radial direction, respectively. It is found that the roughness decreases as a function of the axial position. The trench depth of D ¼ 10 mm is found to result in the best uniformity. For this trench depth, the lateral uniformity is optimum, since under these particular conditions, the combination of the above two mechanisms leads to (i) a high absolute number of the plasma density and (ii) the radial decay of the density (typically observed in planar CCPs) is compensated by the presence of the trench and its effects on the ionization.
IV. CONCLUSIONS
In this work, the plasma density profiles of a ringshaped hollow cathode rf plasma with a narrow hollow trench of 2 mm in width have been investigated for various trench depths and are discussed theoretically by a diffusion model in Argon gas at about 50 Pa. At an axial position close to the electrode of z ¼ 3 mm, the density profile has a mountain like distribution near the trench. It is found that the density profile is much more homogenous at a greater distance from the electrode. The model is in good agreement with the measured radial density profiles and explains the local density maximum above the trench by an enhanced sheath expansion heating of electrons inside the trench due to the hollow cathode effect. The plasma density at D ¼ 10 mm is the highest among all trench depths. This is explained qualitatively based on a power balance. The uniformity of the plasma density is found to be optimum for D ¼ 10 mm, too.
In the future, functional thin film preparation will be conducted in a capacitive rf plasma CVD with a grooved electrode. As the region of plasma density enhancement due to a single trench is restricted to the region above this trench, multiple ring-shaped trenches of different dimensions might be combined to optimize the lateral plasma density.
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